Chromosomal DNA from group I Pseudomonas species, Azotobacter vinelandii, Azomonas macrocytogenes, Xanthomonas campestris, Serpens flexibilis, and three enteric bacteria was screened for sequences homologous to four Pseudomonas aeruginosa alginate (alg) genes (algA, pmm, algD, and algRI). All the group I Pseudomonas species tested (including alginate producers and nonproducers) contained sequences homologous to all the P. aeruginosa alg genes used as probes, with the exception of P. stutzeri, which lacked algD. Azotobacter vinelandii also contained sequences homologous to all the alg gene probes tested, while Azomonas macrocytogenes DNA showed homology to all but algD. X. campestris contained sequences homologous to pmm and aigRI but not to algA or algD. The helical bacterium S. flexibilis showed homology to the aigRi gene, suggesting that an environmentally responsive regulatory gene similar to aigRI exists in S. flexibilis. Escherichia coli showed homology to the algD and aigRI genes, while Salmonella typhimurium and Klebsiella pneumoniae failed to show homology with any of the P. aeruginosa alg genes. Since all the organisms tested are superfamily B procaryotes, these results suggest that within superfamily B, the alginate genes are distributed throughout the Pseudomonas group I-Azotobacter-Azomonas lineage, while only some alg genes have been retained in the Pseudomonas group V (Xanthomonas) and enteric lineages.
The exopolysaccharide (EPS) alginate is a linear ,B-1,4-linked copolymer of D-mannuronic acid and its C-5 epimer L-guluronic acid. Alginate is used for a variety of commercial applications (e.g., as a gelling agent and stabilizer in the food and pharmaceutical industries) and is isolated for commercial use from brown seaweeds (23) . In addition to brown algae, alginate is produced by some bacterial species, the most widely known being Pseudomonas species (18, 19, 26, 29, 33) and Azotobacter species (7, 36) . Alginate production by Pseudomonas aeruginosa infecting the lungs of cystic fibrosis patients leads to severe airway obstruction and thus is a major medical problem confronting these individuals. Alginate-producing (mucoid) strains of P. aeruginosa are associated almost exclusively with respiratory tract infection in cystic fibrosis; such strains are rarely recovered from P. aeruginosa infection at other tissue sites or from the environment (3, 25, 27) . Mucoid strains of P. aeruginosa have been isolated from nonmucoid strains in vitro, usually after treatment with mutagens or repeated culturing in the presence of certain antibiotics (13, 26) or by selection of mutants resistant to bacteriophages (32) . Using similar techniques, alginate-producing strains of three other Pseudomonas species (P. flutorescens, P. putida, and P. mendocina) were isolated in vitro (26) . More recently, naturally occurring alginate-producing strains of plant-associated P. fluoresc ens were reported (18) . In addition, certain phytopathogenic fluorescent Pseudomonas species are occasionally found to produce alginate both in plants and in vitro (18, 19) . Thus, it appears that many Pseudomonas species are capable of producing alginate but that the genes involved in alginate biosynthesis are not normally expressed.
The pathway of alginate synthesis in P. aeruginosa has been partially elucidated (see reference 3 for a review) (Fig.  1) . The enzymes catalyzing the first three steps of alginate synthesis, phosphomannose isomerase (PMI), phosphomannomutase (PMM), and GDP-mannose pyrophosphorylase (GMP), are also involved in general carbohydrate metabolism and as such are found in many bacteria. GDP-mannose dehydrogenase (GMD), on the other hand, catalyzes the oxidation of GDP-mannose to GDP-mannuronic acid and is believed to be specific for alginate synthesis (11) .
Several alginate (alg) genes from P. aeruginosa have been cloned, and some of the corresponding gene products have been functionally identified (reviewed in reference 3). Four alginate genes of known function were used in this study. The algA gene encodes a bifunctional enzyme having PMI and GMP activities (3, 37) , while the algD gene encodes GMD (11) . Both the algA and algD genes have been sequenced (8, 12) . The algD gene is transcriptionally activated in mucoid strains of P. aeruginosa (11, 12) , and this activation depends on the products of two alginate regulatory genes, algRI and algR2 (2, 15) . The algRJ gene has been sequenced and shows homology to a class of environmentally responsive bacterial regulatory genes (10) . Another alginate gene has been cloned that is associated with PMM activity (3) (3, 37) . The algD gene encodes GMD, while the pmm gene is associated with PMM activity (3, 37) . The algRI gene encodes a regulatory protein that activates the algD gene (2, 15) . The portion of each alg gene used as a probe in this study is given in Results. alginate in specific environments (e.g., the cystic fibrosis lung, infected plants) or DNA isolation and preparation of probe DNA. Total bacterial DNA was isolated from the organisms listed in Table 1 by the method of Goldberg and Ohman (24) . Total DNA (50 ,ug) was digested to completion with appropriate restriction endonucleases (obtained from Bethesda Research Laboratories, Inc., Gaithersburg, Md.), and the fragments were separated by electrophoresis in 0.7% agarose gels (Trisacetate buffer system). The gel was stained with ethidium bromide, and the bands were visualized with a UV transilluminator. After being photographed, the gels were blotted as described below.
Probe DNA was prepared by digesting cesium chloridepurified plasmid DNA with appropriate restriction endonucleases, followed by electrophoresis under the same conditions described above for total DNA. After the gel was photographed, the desired fragment containing all or part of the specified alg gene was excised from the gel and eluted from the agarose slice with a Gene Clean kit (Bio 101). The isolated fragments were then labeled with [a-32P]dCTP (Amersham Corp., Arlington Heights, Ill.) with a nick translation kit (Bethesda Research Laboratories). Unreacted nucleotides were removed from the reaction mixture with Gene (38) as outlined by Maniatis et al. (31) . Agarose gels containing total DNA from the organisms listed in Table 1 were incubated at room temperature in 0.25 N HCl without agitation for 20 min. The gels were then treated with denaturing solution (1.5 M NaCl in 0.5 N NaOH) followed by neutralizing solution ( After transfer of DNA, the filters were removed from the gel and washed with 2x SSC (1 x SSC is 0.15 M NaCl plus 0.015 M sodium citrate) (31) with constant agitation for 20 min to remove adherent gel fragments. The filters were placed between sheets of Whatman 3MM paper. The sheets were then placed between glass plates and dried at 80°C under vacuum.
Hybridization. The baked membranes were prehybridized by incubating them for 7 h at 42°C in 50% deionized formamide-5x SSC-5x Denhardt reagent (31)-100 ,ug of denatured salmon sperm DNA per ml-10 mM sodium phosphate buffer (pH 6.5). The prehybridization buffer was then removed, and the filters were incubated overnight at 42°C in 50% deionized formamide-5x SSC-lx Denhardt reagent-100 ,ug of denatured salmon sperm DNA per ml-10 mM sodium phosphate buffer (pH 6.5)-10% dextran sulfate-1 ,ug of labeled probe DNA. After hybridization, the filters were rinsed for 15 min in 2 x SSC containing 0.1% sodium dodecyl sulfate (repeated four times) with constant agitation at room temperature, followed by two washes (40 min each) in 0.1% SSC containing 0.1% sodium dodecyl sulfate at 65°C. The filters were air dried and then exposed to Kodak SB-100 X-ray film at -80°C.
RESULTS
The P. aeruginosa algA gene encoding PMI-GMP (Fig. 1) is located on a 2-kilobase (kb) BamHI-SstI chromosomal DNA fragment (8) . To determine whether sequences homologous to the algA gene were present in other pseudomonads and organisms phylogenetically related to P. aeruginosa, total DNA from the organisms listed in HindIII-SstI DNA fragment and is associated with PMM activity (Fig. 1) (3) . This fragment containing pmm hybridized with chromosomal DNA from all the pseudomonads tested (Fig. 3) In contrast to PMI and PMM, which are involved in general carbohydrate metabolism, the algD gene is believed to be specific for alginate synthesis (11) . A 1.2-kb BamHIXhoI fragment containing the algD promoter, the leader sequence, and part of the algD coding region was used to probe ClaI-BglII-digested chromosomal DNA from the organisms listed in Table 1 (Fig. 4) . The algD gene hybridized with DNA from all the Pseudomonas species tested with the exception of P. stutzeri and Pseudomonas species strain ATCC 31461. The algD gene also hybridized with DNA from Azotobacter vinelandii and E. coli. DNA from Salmonella typhimurium, K. pneumoniae, X. campestris, Serpens flexibilis, and Azomonas macrocytogenes did not hybridize with algD. The "P. glycinea" strains and "P. phaseolicola" contained a band that hybridized with algD and was of the same size, although each strain also contained smaller fragments that hybridized with algD. In addition, the P. marginalis strains exhibited two bands that hybridized with algD.
The 744-base-pair algRI gene is located within a 6.2-kb BglII-BglII fragment in the P. aeruginosa chromosome (10) . A 1-kb BamHI-BamHI fragment containing algRI was used to probe BglII-digested chromosomal DNA from the organisms listed in Table 1 
DISCUSSION
The results shown in Fig. 2 to 5 are summarized in Table  2 . These data are strictly qualitative, and no attempt is made to compare the degree of sequence homology (i.e., compare the relative intensity of bands observed after autoradiography).
Acidic EPS are known to be involved in Rhizobium species-plant nodulation (30) and Erwinia stewartii plant infections (16) . Fett and colleagues (17) (18) (19) reported that many fluorescent phytopathogenic Pseiudomonas species also produce EPS under certain conditions and that the EPS is in some cases alginate. It was proposed that alginate produced by phytopathogenic pseudomonads is a virulence factor, possibly playing a role in adherence of bacteria to plant hosts and subsequently providing the encapsulated bacteria with a protective environment. This may enable the bacteria to produce extracellular enzymes and other products that alter the host to favor bacterial multiplication (19 (35, 40) . Thus, species belonging to Pseiudomonas rRNA homology group I are actually more closely related to enteric bacteria (E. coli, K. pneiinoniae) than to Pseuldoinonas species belonging to Pseludomonas rRNA homology groups II, III, and IV (40) . Pseudomonas homology group I is composed of two subgroups, the nonfluorescent (Ia) subgroup and the fluorescent (Ib) subgroup, based on nucleic acid homology (35) , oligonucleotide cataloging of 16s rRNA (40) , and enzymological patterning of aromatic amino acid biosynthesis (4). The phylogenetic relationship of Pseludomonas group I and other organisms used in this study is depicted in Fig. 6 . All the Pseudomnonas species used in this study (with the exception of Pseidoinonas species strain ATCC 31461) belong to Pseludomnonas group I (35) , and the data in Table 2 (5, 14) . This, together with the fact that Azotobacter s'inelandii produces alginate (36) , suggested that the P. aeruiginosa alg gene sequences are present in Azomonas and Azotobacter species. The data in Table 2 APPL. ENVIRON. MICROBIOL. (22) determined by oligonucleotide cataloging of 16s rRNA (39) . SAB values range from 0 to 1.0, with SAB = 1.0 representing perfect identity between two organisms. Superfamily B diverged from superfamilies A and C at an SAB value of 0.3 (4) . Branch points lacking numbers have not yet been assigned SAB values and were established by using methods other than oligonucleotide cataloging of 16s rRNA (4, 5, 14) .
show that this is indeed the case. Azotobacter vinelandii possessed sequences homologous to all the P. aeruginosa alg genes tested, while Azomonas macrocytogenes lacked only algD. It is not known whether Azomonas species produce alginate. One would expect not, since the algD gene is lacking, and GMD (the algD gene product) is believed to be the committing step in alginate synthesis (11) . However, Azomonas species could possess a gene that encodes GMD but is not homologous to algD.
Govan et al. (26) reported that no alginate-producing mutants of P. stutzeri could be obtained by selection for carbenicillin resistance, which allows isolation of alginateproducing variants of other Pseudomonas species. A priori this would appear to be due to the lack of the algD gene in P. stutzeri (Table 2 ). However, P. stutzeri could have a gene encoding GMD that is not homologous to algD and thus be capable of alginate synthesis even though carbenicillin selection failed to yield alginate-producing variants. Recent findings by Goldberg and Ohman (personal communication) support the latter possibility. These workers found that another P. aeruginosa alginate gene, algT (20) , hybridized with DNA from P. fluorescens, P. putida, and P. stutzeri but not with DNA from P. acidovorans, P. diminuta, or P. maltophilia (X. maltophilia). Furthermore, when the cloned algS(on)T (21) region was introduced into the above Pseudomonas species, P. fluorescens, P. putida, and P. stutzeri (as well as alginate-negative P. aeruginosa strains) produced alginate. Woese (35) and since PMM is an essential step in xanthan synthesis in X. campestris, we expected to see homology between the P. aeruginosa pmm gene and X. campestris DNA. We observed hybridization not only with pmm but also with algRI. It is not known whether the X. campestris gene homologous to aigRi is involved in the regulation of xanthan biosynthesis. It would be interesting to determine whether the P. aeruginosa algRi or pmm gene or both are able to complement certain xanthan-negative mutants of X. campestris.
We predicted that because PMI and PMM are involved in general carbohydrate metabolism, the genes encoding these enzymes in P. aeruginosa (algA and pmm, respectively) would be found in many bacteria, while the alginate-specific genes (algD and algRI) would be restricted to group I Pseudomonas species or other organisms known to produce alginate. On the contrary, E. coli showed no sequences homologous to either algA or pmm ( (8) . The hybridization of the algD gene to E. coli DNA (Table 2 ) may be a result of the homology between algD and the E. coli gene encoding histidinol dehydrogenase (12) , while the hybridization of the algRi gene to E. coli DNA may be due to the homology between algRi and the E. coli ompR gene (10) .
The virtual absence of sequences homologous to the P. aeruginosa alginate genes in the enteric bacteria (E. coli, Salmonella typhimurium, K. pneumoniae) suggests that the alginate genes were either (i) lost in the enteric lineage or (ii) gained in the Pseudomonas group I-group V lineage, after the evolutionary divergence of the enterics from Pseudomonas groups I and V (Fig. 6 ). This may reflect the differences VOL. 56, 1990 I in the natural environments of the enterics versus pseudomonads; the enterics may never encounter conditions that promote alginate production and thus lack some of the genes for its synthesis. On the other hand, the enteric bacteria may have evolved to produce a different EPS (e.g., colanic acid in E. coli) that is more beneficial in their given ecological niche.
Since PMI and PMM activities both exist in E. coli, the lack of homology between the genes encoding these enzymes in E. coli and P. aeruginosa is apparently a reflection of the considerable evolutionary distance between these organisms (Fig. 6) .
